Bifurcations represent challenging lesions which may benefit from improved understanding of stent-related vessel complications. Since optical coherence tomography (OCT) allows us to detect post-stenting vessel injuries, we sought to assess the geographic pattern of stent-related complications occurring during provisional stenting of bifurcated lesions.
Introduction
Coronary stent implantation is associated with various degrees of vessel wall injury. 1 Furthermore, well-established technical refinements for optimal stent implantation like high-pressure deployment may increase the risk of vessel damage in both the stented segment and at its edges. 2 Stent complications like strut malapposition have been correlated with stent thrombosis 3 and restenosis, 4 so that any improvement in the knowledge of these phenomena may theoretically be relevant. Frequency-domain optical coherence tomography (OCT) is a high-resolution imaging technique, which allows detailed assessment of the anatomical relation between the stent and the vessel wall. 2, 5, 6 As a consequence, various types and degrees of vessel injury after stent implantation can be easily detected by this technique even when they are not detectable using angiography or at intravascular ultrasound (IVUS). 7, 8 Among the different lesions which may benefit from improved imaging modalities, bifurcations represent a promising field since they are a complex subset that may be treated by various techniques. 9 Among the different techniques, provisional T-stenting is actually regarded as the gold standard for treatment of the majority of bifurcated lesions. 10 In the present study, OCT was used to assess the incidence and distribution of post-stenting vessel injuries in bifurcations treated by provisional stenting.
Methods

Aims of the study
The main aims of this study were:
(i) To describe and characterize the different types of vessel injuries/ stent complications documented at post-stenting OCT in bifurcated lesions treated by provisional stenting. (ii) To compare the frequency of post-stenting OCT vessel injuries/stent complications across the different bifurcation segments.
Study population
Patients with bifurcation lesions undergoing provisional stenting and post-stenting OCT examination from March 2010 to February 2012 were retrospectively enrolled in the study. OCT images were acquired with the aim of guiding the percutaneous coronary intervention (PCI) procedure. Inclusion criteria were angiographic documentation of at least one bifurcated lesion with side branch ≥2.25 mm (on visual estimation), which was treated by PCI according to the provisional stenting technique and at least one OCT evaluation after stent deployment. Exclusion criteria were acute ST-elevation myocardial infarction (,24 since symptom' onset) or cardiogenic shock. The study was conformed to the Declaration of Helsinki. Patients gave written informed consent to the procedure.
Revascularization procedure
All bifurcation lesions were classified according to the Medina classification. 11 PCI procedure was performed according to the previously reported 'provisional T-stenting and small protrusion (TAP) stenting strategy'. 12 This means that all patients were treated by main vessel (MV) stenting first under side branch (SB) protection with jailed guidewire technique. Thereafter, according to the attitude of our centre during the study, proximal optimization technique (POT) with short balloons was often performed. SB rewiring (using the pullback technique in order to access the distal part of SB 13 ) and kissing balloon were adopted if considered necessary by the operator. Finally, a stent was implanted in the SB according to the TAP-stenting technique 14 only in the case of SB suboptimal result. No definite criterion for SB intervention was adopted during the study. However, operators of our centre use to consider SB stenting only in the case of large SB with residual tight stenosis or dissections after kissing ballooning. In all patients treated by double stenting, final kissing-balloon inflation was systematically performed. Stent selection was left to operator's discretion. Since OCT results were evaluated by the operators, baseline OCT images may have in some extent influenced the procedure and intra-procedural OCT images triggered OCT-guided interventions which included additional ballooning (POT and/or kissing-balloon inflation) and additional stent implantation (in the MV or SB).
OCT assessment
All evaluations were performed using the frequency-domain OCT LightLab Dragonfly system (LightLab Imaging, Inc., Westford, MA, USA). OCT was performed in the MV after intracoronary nitroglycerin administration before procedure (Pre-PCI OCT) and after stent implantation with or without (angiographically guided) MV pre-dilation, post-dilation, and/or kissing-balloon inflation (post-stenting OCT). If, at the poststenting OCT, the result was considered unsatisfactory, further stent implantation, balloon dilatation, or kissing-balloon inflation were performed at operator discretion (no specific protocol for OCT result optimization being available during the study). In the case of further interventions, a Final OCT evaluation was eventually obtained (final OCT). The study flow-chart is reported in Figure 1 . OCT pullbacks were performed in the MV only.
Quantitative, qualitative, and semi-quantitative OCT analyses
Qualitative, quantitative, and semi-quantitative OCT assessments were performed offline by an independent operator blinded to the patients status, procedural data, and patients' clinical outcome. For qualitative analyses, to better provide a 'topographic' assessment of OCT findings, the bifurcation lesion was divided, as reported by Di Mario et al., 15 into the following segments: The following quantitative parameters were assessed by the standard cross-sectional OCT images:
(i) at Pre-PCI OCT: proximal and distal MV reference lumen area (RLA) were defined as the largest lumen proximal and distal to a stenosis, in the same segment, within 10 mm of the lesion with no intervening branches; 16 minimal lumen area (MLA);
(ii) at post-stenting OCT and at final OCT: proximal and distal MV RLA were defined as the areas assessed 5 mm proximal and distal to the stented region; minimal stent cross-sectional area (CSA) in the PROX MV, DIST MV, and bifurcation site (oval shaped area immediately proximal to the carina).
Moreover, for each OCT recording, 'SB ostium length' was measured as follows: after selection of the long-axis reconstruction plane sagittal to side-branch take off, side-branch ostium length was measured using the OCT longitudinal view analysis tool. Qualitative OCT assessment was focused on the detection of the following vessel injuries/stent complications: (i) stent under-expansion; (ii) stent malapposition; (iii) stent edge dissection; (iv) side-branch ostium dissection; (v) tissue prolapse; (vi) intracoronary thrombus; (vii) in-stent dissection. Moreover, each of the qualitative stent complications were semi-quantitatively graded as absent, minor, or major according to their extension.
Vessel injury/stent complication qualitative definitions and their semiquantitative grading was performed as follows:
(i) Stent under-expansion was defined, similarly to 'MUSIC study' criteria, as the achievement of in-stent CSA ,90% of the average reference lumen area and minimum lumen diameter/maximum lumen diameter ,0.7 mm. 17, 18 It was also graded as follows: 
Clinical follow-up
After discharge, 9 month follow-up was performed with hospital visit or phone-contact to assess the possible occurrence of major adverse cardiac events (MACE) included cardiac death, any myocardial infarction (MI) and any target vessel revascularization (TVR). In the case of Frequency-domain optical coherence tomography suspected adverse event, all medical records were carefully reviewed. MI was defined according to European Society of Cardiology guidelines 22 while peri-procedural myonecrosis was not systematically assessed.
Statistical analysis
Categorical variables were reported as counts and percentages. Continuous variables were normally distributed as assessed by the KolmogorovSmirnov test for normality, thus were presented as mean and standard deviation. Between-group differences were tested with the Student t-test. Categorical variables were compared by x 2 test. Yates' correction for continuity was employed to improve the accuracy of the nullcondition sampling distribution of x 2 . All tests were two-tailed and a P value of ,0.05 was considered statistically significant. Statistical analyses were carried out using IBM-SPSS Statistics software package for Windows (version 19.0).
Results
A total of 55 bifurcation lesions in 51 patients were enrolled in the study. The clinical characteristics of enrolled patients are reported in Table 1, while Table 2 shows angiographic and procedural characteristics. Briefly, most of the target bifurcations were located in the distal left main or left anterior descending artery and true bifurcations accounted for 41.8% of treated lesions. The implanted stents were last generation drug-eluting stents. Table 2 reports the bifurcation technique data up to post-stenting OCT and shows that POT was adopted in 81.8% of cases while kissing-balloon inflation in 58.2%.
Quantitative OCT findings at the different procedure steps are reported in Table 3 .
The qualitative and semi-quantitative OCT findings observed at post-stenting OCT are reported in Table 4 . Interestingly, despite the achievement of an angiographically acceptable result, OCTdetected vessel injuries/stent complications were very common so that no patient had absence of all of them.
The analysis of topographic distribution disclosed significant differences in the occurrence of some of vessel injuries/stent complications at different bifurcation sites. Indeed, as reported in Table 4 , post-stenting OCT showed a significantly higher rate of malapposition in the proximal segment of the MV (P , 0.001) while tissue prolapse was more commonly found in the distal segment of MV (P , 0.001) (see also Figure 4) . Conversely, no different distribution was observed for in-stent dissections, stent edge dissections and intracoronary thrombus ( Table 4) .
As shown in Figure 1 , post-stenting OCT findings led to additional interventions in 16 out of 55 bifurcation lesions (29.1%): 18.2% further balloon inflations, 16.4% additional stent deployments and 9.1% kissing-balloon inflations. In particular, the additional balloon inflations were performed in the attempt to correct major MV malapposition in 10 (18.2%) cases and coexisting major malapposition and major tissue prolapse or intracoronary thrombus in 2 (3.6%) cases. In 9 (16.4%) cases, additional stenting was performed after OCT documentation of major dissection at stent edges (5 cases, 9.1%) or at SB ostium (4 cases, 7.3%, always followed by kissing-balloon inflation). Additional kissing-balloon inflations were performed in 5 (9.1%) Frequency-domain optical coherence tomography cases in the presence of multiple adverse features located at multiple bifurcation sites. Finally, the clinical outcome assessment showed, after a follow up of 267 + 175 days, MACE-free survival in all but one patient (who had TLR by repeat PCI due to in-stent restenosis).
Discussion
Bifurcations are complex lesions which may benefit from enhanced anatomical characterization based on novel imaging modalities like OCT. 15 The main findings of the present study are the following:
(i) despite the achievement of satisfactory angiographic results, some vessel injuries/stent complications of various degrees were virtually always detected by OCT after provisional stenting; (ii) different types of OCT-detected vessel injuries/stent complications tended to have a specific topographic distribution after provisional stenting.
Bifurcated lesions are characterized by a complex anatomy and flow pattern due to the presence of different lumen diameters before and after the origin of the SB. 23 Such complex anatomy and physiology represent a challenge for percutaneous interventional technique. Among the various intracoronary imaging modalities, OCT is an emerging tool to assess lumen anatomy and to investigate the relations between stent struts and vessel wall. The feasibility of OCT assessment in bifurcated lesions has recently been supported by some studies. 15 In the present study we investigated the occurrence and distribution of various vessel injuries/stent complications. Indeed, stent-related complications like edge dissections, malappositions and under-expansion have been associated with adverse clinical outcome and OCT has previously been found to allow their detection better than IVUS. 7, 24 In the specific field of bifurcated lesions, previous studies have documented that incomplete stent apposition could occur frequently in bifurcation interventions. Indeed, high rates of malapposed struts have been found in bifurcated lesions treated by standard stents implanted using simple crossover technique or complex (Culotte or T-stenting) techniques 25 as well as in studies testing bifurcation-dedicated stents. 26, 27 To date, however, no data on the incidence of different stent complications/vessel injuries in bifurcated lesions undergoing systematic provisional stenting are available. Thus, we designed the present study to assess stent underexpansion, stent malapposition, stent edge dissection, SBO dissection, tissue prolapse, intracoronary thrombus and in-stent dissection in patients with bifurcated lesions undergoing OCT in the context of procedure conducted according to the provisional stenting technique. The study population enrolled was characterized by high risk lesions (most of bifurcations located in the left main or left anterior descending artery) and was homogeneously treated according to a systematic provisional approach. 12 We found that such vessel injuries/stent complications were very common during bifurcation interventions so that at least one of them was detected in all patients. Of note, recent studies suggest that while some minor stent complications may seal spontaneously, 28 high degrees of malapposition may be associated with stent thrombosis 29 and wide edge dissections may not heal. 30 We classified the occurrence of vessel injuries/stent complications according to a semiqualitative grading using thresholds derived (as much as possible) from previous OCT, IVUS and autoptic studies. The application of such grading to a previously described segmentation of the stented bifurcation, has allowed us to highlight the occurrence of a specific topographic distribution for some (but not all) stent complications. 25 In particular, in the stented MV, malapposition tended to occur proximally to SB take-off while tissue prolapse was more commonly detected distal to SB. These findings reinforce the perception that the different diameters of MV (due to major vessel tapering after SB origin) represent a particular challenge for bifurcation stenting procedures. Indeed, because of the vessel tapering across the bifurcation site, the selection of stent size in the MV is usually a compromise between the two sizes of proximal and distal MV. As a consequence, systematic stent undersizing at proximal MV occurs and may cause the malapposition observed in the present study. On the contrary, the higher stent-to-artery ratio, which occurs at distal MV, may lead to higher penetration of the stent-struts into the vessel wall, thus resulting in more frequent occurrence of tissue prolapse. It is noteworthy to underline that, despite a rate of POT use higher than 80%, malapposition was frequently recognized by OCT and represented the main indication for OCT-guided further interventions. Such figures suggest that, during bifurcation interventions, stent proximal POT may be systematically considered 31 and that technical aspects (balloon selection, balloon positioning, inflating Frequency-domain optical coherence tomography pressure) may be critical for the efficacy of POT to ensure stent strut apposition toward the vessel wall. Regarding OCT-detected dissections at SBO level, we have recently reported that this finding is strongly associated with the performance of kissing-balloon inflation. 32 Although no study assessed the long term outcome (and healing) of OCT-detected dissections at SBO level, previous IVUS studies have shown that non-flowlimiting edge dissections are not necessarily associated with an increase in acute stent thrombosis or stent restenosis 33 -35 and that some dissections may be associated with favourable vessel remodelling or vessel dilatation after balloon angioplasty. 28, 35 Moreover, in a recent OCT study in non-bifurcated lesions, 28 a favourable evolution has been documented for minor dissections at stent edges. Finally, the OCT imaging prompted for further interventions in around 30% of cases. Such figure, coupled with the OCT probe cost, implies a significant increase in resource consumptions which may be theoretically justified only in case of clinical outcome improvement. Unfortunately, appropriately sized trials are lacking so that the results reported in the present observational study (obtained in a selected, small sized, population) may be just considered hypothesis generating.
Study limitation
Regarding the methodology applied, it should be underlined that the assessment of bifurcation anatomy was not complete since MV pullback only has been performed. As a consequence, data regarding OCT findings at SB level were limited to the ostium. Moreover, this critical anatomical spot has been evaluated quantitatively by introducing the original 'ostium length' measure which may be easily measured from the OCT longitudinal reconstruction immediately provided by the OCT software. Such parameter, has been recently found to have higher values in bifurcations treated by kissing inflation 31 but is theoretically profoundly influenced by geometrical aspects (SB size, bifurcation angle, stent-induced change in SB ostium shape after MV stent implantation). Thus, only 3D OCT reconstructions may allow a comprehensive description of SB ostium behaviour in the course of bifurcation interventions. Other important methodological limitations are represented by the criteria adopted for malapposition, edge dissections, thrombus, and protruding tissue which relied only according to length (and not considered volumes or areas) and by the bifurcation segmentation used (which not subdivided both the proximal and distal MV segments).
Finally, due to the retrospective nature of the study, no selection bias may be excluded and no systematic OCT re-assessment in patients who received further treatment after OCT evaluation was performed.
Conclusions
In bifurcated interventions conducted according to the provisional technique, OCT evaluation allows to detect very frequent vessel injuries/stent complications, which tend to have a specific geographical distribution. In particular, stent malapposition is more represented in the proximal segment of the MV, while tissue prolapse and intra-stent dissection are mainly detected in the distal segment of the MV. Such findings may help to refine the technique for stent placement in bifurcated lesions.
